Introduction
Recent developments in NMR methodology have facilitated structure calculations of small proteins using 13 Cα, 13 Cβ, 13 CO, 1 Hα, 1 HN and 15 N chemical shift restraints (Cavalli et al. 2007 ; Shen et al. 2008) . This is an important advance since of all NMR parameters, chemical shifts are the most easily and accurately measured and they are available at an early stage in any analysis of NMR data. It was soon realized that this methodology could also be used to obtain structural models for 'invisible', transiently and sparsely populated protein states, once chemical shifts were available. New approaches have also been developed for measurement of such shifts Ishima et al. 2004; Ishima and Torchia 2003; Loria et al. 1999; Lundström et al. 2009a; Lundström et al. 2009b) , focusing on CPMG RD experiments (Carr and Purcell 1954; Meiboom and Gill 1958) . Analysis of CPMG RD profiles allows the determination of the magnitude of the difference in chemical shifts, |Δϖ|, between NMR spins in exchanging ground ('visible') and excited ('invisible') states so long as the excited conformer is populated to at least 0.5% with a millisecond lifetime (Palmer et al. 2001 ). Signs
of Δϖ values can be determined by additional experiments (Auer et al. 2009; Skrynnikov et al. 2002) , so that chemical shift assignments can be obtained for the excited state conformer.
Atomic resolution structural models have now been reported for a number of such states (Bouvignies et al. 2011; Korzhnev et al. 2010; Neudecker et al. 2012; Vallurupalli et al. 2008) and the methodology has been extended further to include rare conformers of nucleic acids as well (Dethoff et al. 2012; Kimsey et al. 2015 ).
Key to the success of the CPMG-based structure approach has been the development of robust selective labeling schemes that significantly reduce problems associated with homonuclear scalar couplings (Lundström et al. 2009c) . In this regard it has recently been shown that saturation transfer (CEST) methodology (Forsén and Hoffman 1963) is robust to such couplings (Bouvignies et al. 2014; Vallurupalli et al. 2013) , however the exchange window for which CEST is of utility has a relatively low upper limit, typically (kex ≈ 20 -500 s -1 ), and CPMG RD remains the method of choice for studying conformational transitions that are faster (kex up to ≈ 2000 s -1 ).
Most of the selective labeling strategies that have been employed in the production of protein samples for CPMG RD studies are based on the use of suitably labeled glucose as the sole carbon source (Lundström et al. 2009c ). For example, it has been shown that the use of [2- 13 C]-glucose during protein overexpression leads to 13 C enrichment levels at C positions of between 17% and 45%, essentially without concomitant 13 C labeling of Cβ, for 17 residue types (Lundström et al. 2007 ). Accurate 13 Cα chemical shifts of sparsely populated protein conformations can be readily obtained using such labeled protein samples along with pulse schemes that have been designed with the labeling scheme in mind ). The principal weakness of this labeling method is that the theoretical maximum enrichment at Cis only 50%, reducing the sensitivity of the NMR experiments accordingly.
A carbon source that has already been used for other purposes in NMR protein applications (Castellani et al. 2002; LeMaster and Kushlan 1996) 
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Protein samples
An SH3 domain from the yeast protein Abp1p (Drubin et al. 1990; Lila and Drubin 1997; Rath and Davidson 2000) was prepared by overexpression in BL21(DE3) cells. Freshly transformed colonies were transferred to 30 ml LB supplemented with 100 mg/l ampicillin and grown to OD600 = 1.0 at 37C in a shaking incubator. Cells were then pelleted and a fraction resuspended in 50 ml M9 medium supplemented with 0.5 g/l 15 NH4Cl, 3 g/l [2-13 C]-glycerol and 100 mg/l ampicillin to give a starting OD600 = 0.15. The cells were grown to OD600 = 0.8 (5 h) and this culture was subsequently poured into 450 ml of M9 medium of the identical composition and grown to OD600 = 0.55 (6h). Overexpression was induced by addition of 1 mM isopropyl-β-D-1-thiogalactopyranoside (IPTG) and continued for 12 h at 16
C. The cells were harvested by centrifugation and the protein was purified as described previously (Vallurupalli et al. 2007 
13
C RD experiments were performed at 14.1 T and 18.8 T using a pulse sequence described previously . For the experiment at 14.1 T the constant-time CPMG relaxation delay was 16 ms and datasets with effective fields of 62.5, 125, 187.5, 250, 312.5, 375, 437.5, 500, 625, 750, 875, 1000 Hz were recorded while for the measurements at 18.8 T a relaxation delay of 20 ms and effective fields of 50, 100, 150, 200, 250, 300, 400, 500, 600, 700, 800 , 1000 Hz were used. After initial 13 C RD experiments were completed, additional Ark1p peptide was titrated into the sample and the 13 Cα CPMG experiments were repeated (14.1 T and 21.1 T) using a constant-time relaxation delay of 16 ms and effective fields as above. Uncertainties were estimated from duplicate data points (Korzhnev et al. 2004 ).
Data analysis
All data were processed with NMRpipe (Delaglio et al. 1995) and visualized with Sparky (T.
D. Goddard and D. G. Kneller, SPARKY 3, University of California, San Francisco). Peak integration was performed using the software PINT (Ahlner et al. 2013 
Results and discussion
The fractional incorporation of 13 
C at Cα is doubled compared with [2-13 C]-glucose
The biosynthesis of amino acids using [2-13 C]-glucose as the sole carbon source has been described before, in particular with respect to 13 C labeling at C positions in proteins (Lundström et al. 2007 ). The principal weakness of the [2-
13 C]-glucose approach is that one of the two glyceraldehyde-3-phosphate molecules generated in glycolysis is unlabeled, thereby diluting the 13 C label that eventually ends up on C by a factor of two. By contrast, We have determined the fractional incorporation of 13 C at Cα positions by comparing peak intensities in 13 C-1 H correlation maps of selectively and uniformly 13 C enriched Abp1p SH3 domain samples (see Materials and Methods). The results are presented in Table 1 where the amino acids have been grouped based on the precursor(s) they are derived from. For comparison, the results obtained previously using [2-13 C]-glucose (Lundström et al. 2007 ) are also shown. For ubiquitin and an FF domain from human HYPA/FBP11 (Lundström et al. 2007 ).
3
Not present in the SH3 domain from Abp1p.
4
Too low to be quantitated accurately.
As expected, the fractional incorporation is almost exactly doubled for most residue types or from pyruvate, phosphoenolpyruvate or 3-phosphoglycerate (Cys, ~ 90%). As described above, the Cα position of His is expected to be labeled to almost 100%.
It is also interesting to compare with previous results using similar labeling schemes.
LeMaster and Kushlan used [2-13 C]-glycerol in combination with NaH 13 CO3 to express thioredoxin in cells with a disrupted TCA cycle (LeMaster and Kushlan 1996) . The most striking difference is that Arg, Gln, Glu and Pro, are not labeled at all at Cα using their approach. This is entirely due to the lesion in the TCA cycle since only AKG produced in the second round of the cycle will produce residues labeled at Cα. A second difference is that Asn, Asp, Ile, Lys, Met and Thr are labeled >90% at Cα compared to 66% (77% for Lys)
here. Also in this case, the disrupted TCA cycle explains the differences as all oxaloacetate (OA) that is the precursor for these residue types must be derived from carboxylation of phosphoenolpyruvate and will be enriched for 13 C close to 100% at the position corresponding to Cα if [2-13 C]-glycerol is used as the carbon source (Lundström et al. 2009b ).
Although cells with a disrupted TCA cycle increases the sensitivity slightly for six residue type this is offset by the loss of four potential probes for dynamics. In addition, cells with a disrupted TCA cycle are expected to grow slower and perhaps produce less protein. The use of NaH 13 CO3 by LeMaster and Kushlan is not expected to have any impact on labeling at Cα although it is beneficial for enrichment at other positions.
Key to the success of using [2-13 C]-glucose as the carbon source is the very low (in fact undetectable) fraction of 13 Cα- 13 Cβ spin pairs for all residue types except isoleucine and valine (Lundström et al. 2007 ). The reason for the need for isolated 13 Cα moieties is that the 35 Hz scalar coupling to Cβ during the constant time relaxation delay of a CPMG RD experiment will evolve differently depending on the repetition rate of the refocusing pulses. In the slow pulsing limit, the weak form of the scalar coupling applies and the scalar evolution of an operator is → cos( ) − 2 sin( ) where is the coupled spin, J is the coupling constant and T is the duration of the relaxation delay. In the fast pulsing limit, the evolution is instead → cos 2 ( ) + sin 2 ( ) + ( − ) sin(2 ) . The evolution is thus modulated by the pulsing rate even in the absence of chemical exchange, leading to artifacts in RD profiles as has been reported before (Ishima and Torchia 2003) .
Non constant-time 13 glucose is used as the carbon source during protein overexpression, it is clear that such effects are smaller and they were not detected in our previous analysis (Lundström et al. 2007 ).
In addition to scalar couplings to Cβ, also the effect of long range couplings must be considered. Although they are smaller they could still manifest as artifacts in RD experiments if the positions are sufficiently enriched for 13 C. We have not attempted to quantitate simultaneous labeling at Cα and other carbon positions with 13 C but Figure 2d predicts simultaneous labeling at Cγ for residue types derived from OA and AKG. In addition, other positions, such as Cγ for aromatic residue types, are also predicted to be simultaneously labeled (Lundström et al. 2007 ). In many of these cases, the coupled nuclei resonate sufficiently far from 13 Cα so that couplings can be refocused by substituting band-selective pulses (Geen and Freeman 1991) for hard pulses in the CPMG pulse train. Couplings to aliphatic carbons of residues derived from AKG (Arg, Gln, Glu and Pro) are however hard to refocus this way and may still lead to artifacts. Cβ labeled serine, cysteine and tryptophan from fructose-6-phosphate derived from the pentose phosphate pathway and glycine derived from glycolysis. d) Two passes of the TCA cycle, in which oxaloacetate at the start of the first pass is derived from glycolysis and acetyl-S-CoA is derived from fructose-6-phosphate synthesized in the pentose phosphate pathway. The first pass (Pass 1) leads to 13 Cα- 13 Cβ spin pairs in residues derived from oxaloacetate, while a similar scenario occurs for amino acids from -ketoglutarate in the second pass (Pass 2).
Accurate protein excited state 13 Cα chemical shifts can be obtained
As described above, the principle advantage of using [2-13 C]-glycerol to produce proteins for 13 Cα CPMG RD studies is the two-fold increase in fractional incorporation of 13 Cβ spin pairs that, in turn, compromises the utility of RD profiles due to magnetization interchange between the coupled 13 Cα, 13 Cβ spins during application of the CPMG pulse train (Ishima et al. 2004; Lundström et al. 2008; Lundström et al. 2009a) . We have therefore extensively evaluated the utility of the [2-13 C]-glycerol labeling scheme in 13 Cα RD studies. This was achieved by using an exchanging system described previously Vallurupalli et al. 2007 ) involving an SH3
domain from the yeast protein Abp1p (Drubin et al. 1990; Lila and Drubin 1997; Rath and Davidson 2000) and a peptide from the protein Ark1p (Haynes et al. 2007 ),
SH3 + Ark1p peptide ⇄ SH3-peptide
The dissociation constant for the complex is 0.55 M, 25°C (Vallurupalli et al. 2007 ) and the exchange kinetics are such that the pseudo first-order rate constant, C label at the Cα position ( Figure 1a ). RD profiles from Gly have also been excluded because the methylene spin system at Cα requires a different pulse scheme than the one used here for the methine C positions (Lundström et al. 2009b; Mulder et al. 2001 ). There are a number of approaches for identifying candidate RD profiles for analysis.
The most straightforward method is to use a minimum cut-off for the size of the profiles, as described previously (Choy et al. 2005) . Another method is to fit the data on a residue-byresidue basis to models that either include or exclude chemical exchange and then use an Ftest statistical analysis to select the appropriate model. Here we have used a simple, alternative method. For chemical exchange on all time-scales the effective transverse relaxation rate, R2,eff, in single quantum CPMG RD profiles is higher in the free precession limit (CPMG0) than for fast-pulsing (CPMG). Rex(CPMG) = R2,eff(CPMG) -
R2,eff(CPMG) is thus a decaying function and under conditions of intermediate to fast
exchange it decays monotonically and can be approximated by a decaying exponential for which the logarithm is linear in CPMG. Thus, the presence of exchange can be established by fitting log[Rex(CPMG)] values to a linear function and testing the resulting slopes to see if they are different from zero. The protocol we have used is thus: i) fit RD curves on a residue-byresidue basis, ii) subtract the exchange-free contribution and calculate the logarithm, iii) fit to a linear function and iv) perform a t-test to determine whether the slope is different from zero.
Using this protocol and considering a significance level of p<0.01 we identified chemical exchange at 13 Cα positions for 17 residues. These included all amino acids for which |ΔϖDirect|>0.2 ppm but not three of the residues with 0.1 ppm < |ΔϖDirect| < 0.2 ppm. In addition, 13 C nuclei for two residues for which |ΔϖDirect| < 0.05 ppm were likely incorrectly assigned as reporting on chemical exchange.
Rather than fit the resulting RD profiles from the 17 residues that 'passed' the chemical exchange criteria listed above to a global two-state exchange model, we first considered a subset of 5 that were the largest as defined as R2,eff(CPMG=50 Hz) -R2,eff(CPMG=1000 Hz) (> 6 s -1 , 18.8 T) . Extracted values of kex = 160  40 s -1 and pB = 4.9  0.9% were obtained that can be compared with kex = 138 ± 9 s -1 , pB = 8.3 ± 0.3% generated from fits of 15 N CPMG data. The discrepancies no doubt reflect the difficult in obtaining highly accurate exchange parameters when only relatively small RD profiles are considered, as is the case for the 13 C dispersion curves (Figure 3 ), but also the fact that in this relatively slow exchange regime kex and pB are partly inversely correlated, which at least to some extent explains the higher kex/lower pB values for 13 C relative to 15 N. The extracted values of (kex, pB) obtained in this manner were subsequently used in global fits of all of the RD profiles to generate |ΔϖCPMG| values, discussed below. It is worth noting that fixing (kex, pB) did not lead to higher reduced  2 values relative to the case where exchange parameters were allowed to float in fits involving RD curves from all 17 residues, while the extracted exchange parameters were far more robust. Figure S1 for data on all residues. Figure 4 shows a bar graph of |ΔϖDirect| (red) and |ΔϖCPMG| (black) for all residues for which RD curves could be measured. Shown in the upper left hand corner is the pairwise root-meansquare-deviation (RMSD) between the two data sets. Note that |ΔϖCPMG| was set to 0 for residues that were classified as 'lacking significant chemical exchange' by the criteria defined above. A good correlation is obtained between the two data sets, RMSD = 0.064 ppm (n=44).
The inset to the figure shows a linear correlation plot of |ΔϖCPMG| vs |ΔϖDirect|, including only those residues with chemical exchange, for which an RMSD of 0.059 ppm was obtained. A kex value of » 150 s -1 , as obtained from analysis of the RD data sets described above, is on the 'slow side' for CPMG applications and we were interested in testing faster exchange regimes. To this end an additional aliquot of Ark1p peptide was titrated into the sample to increase the exchange rate. Values of kex = 1030 ± 50 s -1 and pB = 89.4 ± 0.8% were estimated from analysis of 15 N CPMG RD profiles recorded on the resulting sample, where pB refers to the population of the peptide bound SH3 domain, as before. Subsequently, 13 Cα RD experiments were recorded at spectrometer field strengths of 14.1 T and 21.1 T and 18
residues identified for further analysis. Not surprisingly, the residues sensitive to the chemical exchange process were largely the same as before. In general, we find that it is possible to reliably identify conformational dynamics at 13 C positions if |Δϖ| > 0.2 ppm and 100 < kex < 1000 s -1 , with residues sometimes missed when |Δϖ| is smaller. CPMG RD profiles for exchanging residues were fitted to a global two-state process, using a similar procedure to that described above, with two such fits shown in Figure 5 . Although the correlation between |ϖDirect| and |ϖCPMG| is excellent with RPearson = 0.99 ( Figure 6 ) it is also apparent that |ϖCPMG| is consistently underestimated. This may reflect the small chemical shift differences that place the exchange regime in the fast limit for many of the residues, so that only the product (1 − ) (Δ ) 2 can be reliably estimated (Luz and Meiboom 1963 ). Palmer and coworkers have developed a method for establishing the exchange regime (Millet et al. 2000) by calculating , 13 C RD profiles fit again, the RMSD between |ϖDirect| and |ϖCPMG| decreases to 0.059 ppm (all residues; n=44) and 0.035 ppm (exchanging residues). The slope of the best-fit line that passes the origin becomes 1.02 ± 0.02 compared to 0.86 ± 0.02 for the unrestrained fit. between |ΔϖCPMG| and |ΔϖDirect| of 0.04 ppm (exchanging residues only) was obtained . Although a protein concentration of 0.55 mM was used in the present study in comparison to 1.4 mM previously, the factor of two increase in concentration of 13 C spins from the present labeling scheme leads to experimental data sets with similar signal-tonoise ratios in both cases. Supporting information Figure S1 . 13 Cα dispersion profiles for all residues with significant chemical exchange in an Abp1p SH3 domain that interconverts between free and Ark1p peptide bound forms (≈5% bound Ark1p peptide is present). The SH3 domain was produced with [2-13 C]-glycerol as the sole carbon source. Red (blue) symbols denote data points recorded at 14.1 (18.8) T, 25°C, and the solid lines are a global fit to the data, assuming a model of two-site chemical exchange.
